Familial essential tremor (ET), the most common inherited movement disorder, is generally transmitted as an autosomal dominant trait. A genome-wide scan for ET revealed one major locus on chromosome 3q13. Here, we report that the Ser9Gly variant in the dopamine D 3 receptor gene (DRD3), localized on 3q13.3, is associated and cosegregates with familial ET in 23 out of 30 French families. Sequencing revealed no other nonsynonymous variants in the DRD3-coding sequence and in the first 871 bp of the 5 flanking region. Moreover, Gly-9 homozygous patients presented with more severe and͞or earlier onset forms of the disease than heterozygotes. A replication study comparing 276 patients with ET and 184 normal controls confirmed the association of the Gly-9 variant with risk and age-at-onset of ET. In human embryonic kidney (HEK) 293-transfected cells, the Gly-9 variant did not differ from the Ser-9 variant with respect to glycosylation and to anterograde and retrograde trafficking, but dopamine had an affinity that was four to five times higher. With the Gly-9 variant, the dopamine-mediated cAMP response was increased, and the mitogen-associated protein kinase (MAPK) signal was prolonged, as compared with the Ser-9 variant. The gain-of-function produced by the Gly-9 variant may explain why drugs active against tremor in Parkinson's disease (PD) are usually not effective in the treatment of ET and suggests that DRD3 partial agonists or antagonists should be considered as novel therapeutic options for patients with ET.
dopamine receptor ͉ gain-of-function ͉ gene dosage ͉ movement disorder ͉ polymorphism E ssential tremor (ET) is a slowly progressive disorder most frequently characterized by an action (kinetic or postural) tremor of the arms and hands, and less frequently of the head and voice; legs are rarely affected (1) . Severe cases cause substantial disability, especially in the elderly, and, if medications such as propranolol, primidone, and topiramate fail, patients may require surgical treatment with deep brain stimulation (2, 3) .
The etiology and pathogenesis of ET are unknown, but clinical studies suggest a dysfunction of the cerebello-thalamo-cortical pathway (4) . ET is a genetically transmitted neurological disorder, in which the frequency of positive family history ranges from 17.4 to 100%, according to various studies (1, 5) . ET prevalence estimates worldwide range from 0.3% to 4.0% in the general population (1) . There is a definite increase in prevalence of ET with age; prevalence has thus been reported as high as 22% in elderly populations (1) . Previous genome-wide scans have identified two ET loci: a first study of 16 Icelandic families (6) found only one ET locus (ETM1, also called FET1) on chromosome 3q13; a second locus (ETM2) on chromosome 2p22-25 was subsequently identified in a large family of Czech descent (7) . Although an A265G substitution in the HS1-binding protein 3 gene (HS1-BP3) was reported in ET families (8) , a study of a larger series of affected families and controls found no evidence of cosegregation of the A265G polymorphism with ET (9) .
The Gly-9 variant of dopamine D 3 receptor (DRD3) (10, 11) has been associated with tardive dyskinesia, a frequent motor side effect of antipsychotic drugs (12) . DRD3 expression is reduced in Parkinson's disease (PD) (13) , and a study in a monkey model of PD indicates that DRD3 hyperfunction is responsible for dyskinesia, a motor complication of PD treatment (14) . Largest DRD3 densities occur in the basal ganglia, but cerebellum also expresses DRD3 at a lower density (15) . In the rat cerebellum, DRD3 is present in Purkinje cells (16) , and cerebellum has been implicated in the pathogenesis of ET (17) . The DRD3 gene is located on chromosome 3q13.3 between markers D3S1278 and D3S1267, which gave highest logarithm of odds (LOD) scores at the ETM1 locus (6) . Therefore, the implication of the DRD3 in several movement disorders, brain DRD3 distribution, and its chromosomal localization made the DRD3 gene as a candidate for familial ET.
Here, we examined association and linkage of DRD3 in a set of 30 families with familial ET and subsequently tested for association in a large independent case-control study. Then, we investigated the functional consequences of the Ser9Gly variant on receptor signaling, glycosylation, and trafficking in a heterologous expression system. Our genetic investigations found linkage and association of the DRD3 Gly-9 variant with ET, and functional studies demonstrated an increased affinity for dopamine of the Gly-9 variant, which elicited increased response to dopaminergic stimulation. Thus, the Gly-9 variant may confer susceptibility to ET.
Results
The Gly-9 Variant Is Associated and Cosegregates with ET in a Set of 30 Families. In a first exploratory approach to assess the role of the DRD3 Ser9Gly variant in ET, we performed a case-control association study with probands of 30 French families with ET ( Fig. 1 ). Patients were matched for gender and age, with 50 control individuals originating from the same geographical area. Genotype counts in patients were significantly different from the controls' genotypes ( 2 ϭ 10.55, df ϭ 2, P ϭ 0.005; Table 1 ). The Gly-9 allele appeared more frequent in patients (46.7%) than in controls (26.0%; Pearson's 2 ϭ 7.16, P ϭ 0.007). Then, the affected and unaffected members of 30 families were genotyped for the DRD3 Ser9Gly variant. The Gly-9 allele cosegregated with ET in the 23 of 30 families ( Fig. 1 ): in these families, all affected members were Gly-9 carriers. In families 3 and 8, unaffected Gly-9 carriers were younger at clinical assessment than affected members. This observation is in agreement with the increasing incidence of ET with age (1, 5) . In the 7 remaining families (families 5, 6, 16, 20, 22, 23, and 24) , all members were homozygous for the Ser-9 allele. In the latter families, ET may be linked to another locus, because it is known that the disorder is genetically heterogeneous (1) .
Linkage in the presence of association was positively demonstrated by the use of the Transmission Disequilibrium Test (TDT) in families with both parents available and at least one heterozygous parent (families 2, 9, 12, 14, 19, 21) or the Sib-TDT (S-TDT) in other informative sibships (families 7, 8, 15, 17, 18, 25, 26, 28, 30) (18) . TDT 2 value was 7.364 (P ϭ 0.0067), and S-TDT zЈ score was 4.306 (P Ͻ 0.00001). Combined TDT-STDT zЈ score was 4.951 (P Ͻ 0.000001), indicating a strong linkage disequilibrium between the Gly-9 variant and ET in these families. To compare our results with the previously published linkage studies, we also performed a parametric linkage analysis of the Ser9Gly variant in the 30 families, assuming a penetrance of 0.90, which was similar to previous reports and compatible with the observed transmission in our families. Analyses assuming a phenocopy rate ranging from 0.01 to 0.10 and a mutation frequency from 0.01 to 0.50 yielded logarithm of odds (LOD) scores ranging from 5.38 to 7.99 at ϭ 0 ( Table 2 , which is published as supporting information on the PNAS web site).
No Other Candidate Variants in DRD3 Coding Sequence and Promoter
Region. We examined HapMap data (www.hapmap.org) to delineate the haplotype block of strong linkage disequilibrium containing the Ser9Gly variant. The latter was mapped to a block of Ϸ50 kb containing the three first DRD3 exons and introns, and Ϸ 30 kb of noncoding sequence upstream from the DRD3 promoter region (Table 3 , which is published as supporting information on the PNAS web site). We amplified and sequenced a total of 5,098 bp of the DRD3 gene in nine probands (n ϭ 3 with each genotype) and found no nonsynonymous variants in the entire coding sequence, except the Ser9Gly, and no variants in the splicing junctions or in 871 bp of the promoter region ( Table 4 , which is published as supporting information on the PNAS web site).
Gly-9 Homozygotes Have More Severe ET Symptoms. Among probands, age at onset (AAO) was significantly younger (two-tailed P ϭ 0.006 by the Mann-Whitney U test) in Gly-9 homozygotes than in heterozygotes ( Fig. 2A) . Gly-9 homozygotes also had more severe tremor scores than heterozygotes. For instance, forearm tremor scores were higher (two-tailed P ϭ 0.02 by the Mann-Whitney U test; see Fig. 2B ). Tremor severity increases with age (1, 5), but an older age at assessment could not account for increased severity in Gly-9 homozygotes in our sample (57.2 Ϯ 11.3 y and 64.5 Ϯ 3.5 y in homozygotes and heterozygotes, respectively, P ϭ 0.81). Therefore, these results suggest a gene dosage effect.
Association of the Ser9Gly Variant with Risk and AAO of ET in an
Independent Case-Control Study. To confirm the association of the Gly-9 variant with risk of ET, we genotyped the Ser9Gly variant in 276 American patients with ET and 184 American normal controls with no history of familial movement disorders. Genotype counts in patients were significantly different from the controls' genotypes ( 2 ϭ 6.73, df ϭ 2, P ϭ 0.035; Table 1 ) The number in parentheses in the genotype column is the number of individuals; the number in parentheses in the allele column is the number of chromosomes. P values show the comparison results between patients and normal controls.
Distribution of the genotypes in control group was in HardyWeinberg equilibrium. The Gly-9 allele was more frequent in patients than in controls (Pearson's 2 ϭ 4.25, P ϭ 0.039; Table  1 ). Mean AAO of ET was 42.7 y in Ser-9 homozygotes, 39.2 y in heterozygotes, and 32.8 y in Gly-9 homozygotes. In addition, 91.4% (32 of 35) of Gly-9 homozygotes had onset before age 55, compared with 74.3% (87 of 117) of heterozygotes and 66.9% (83 of 124) of Ser-9 homozygotes. AAO was indeed significantly younger (two-tailed P ϭ 0.02 by the Mann-Whitney U test) in Gly-9 homozygotes than in the other patients. As expected, when considering only patients with AAO Ͻ55 years, the association between ET and the Gly-9 variant appeared stronger ( 2 ϭ 11.49, df ϭ 2, P ϭ 0.003), and the Gly-9 allele frequency increased to 37.4% in the patients' group ( 2 ϭ 8.64, P ϭ 0.003).
Glycosylation, Localization, and Trafficking of DRD3 Variants. The Ser9Gly variation is located in the extracellular N terminus of the DRD3 (Fig. 3A) , a region that is glycosylated and predicted to play a role in receptor conformation, maturation, and trafficking. We investigated the possibility that the Ser9Gly variation affected DRD3 glycosylation and trafficking, using yellow fluorescent protein (YFP)-tagged DRD3 variants transfected to human embryonic kidney (HEK) 293 cells (Fig. 3B) . Treatment with cycloheximide, a protein synthesis inhibitor, was used to avoid nonmaturated forms of the receptor, either alone (to detect higher molecular weight glycosylated forms) or in combination with N-glycosidase F, a deglycosylating enzyme (to reveal lower molecular weight underglycosylated forms). There were no differences in the presence and the intensity of the glycosylated and underglycosylated forms of the two DRD3 variants, suggesting that the Ser9Gly variation did not alter the glycosylation process.
In addition, both DRD3 variants displayed the same subcellular localization, mainly at the plasma membrane of transfected HEK293 cells (Fig. 3C) . In striatal primary neurons, characterized by a marker of medium spiny neurons, DARPP32 (Fig. 5B , which is published as supporting information on the PNAS web site), both variants localized mostly in the soma and to a lesser extent in projections where they partially colocalized with a synaptic marker, synaptophysin (Fig. 5C) . No apparent discrepant subcellular distribution between both DRD3 variants was observed.
To compare anterograde trafficking of DRD3 variants, we used a biochemical assay of receptor insertion at the plasma membrane (19) . Cells were first blocked from biotinylation by using sulfo-NHS-acetate and then incubated at 37°C for the indicated times (Fig. 6 , which is published as supporting information on the PNAS web site). Cells were then biotinylated with sulfo-NHS-LC-biotin to purify surface-labeled proteins with streptavidin-agarose. Biotinylated DRD3 newly inserted at the cell surface was similar for the Ser-9 and Gly-9 variants, with an apparent rate of 0.0783 Ϯ 0.0076 and 0.0786 Ϯ 0.0098 fold per hour, respectively (Fig. 6) , suggesting that the Ser9Gly variant did not affect receptor anterograde trafficking.
To compare retrograde trafficking of DRD3 variants, we used a biochemical internalization assay based upon the use of a cleavable sulfo-NHS-SS-biotin (20) . After endocytosis, receptors biotinylated at the plasma membrane became inaccessible to cleavage with a membrane-nonpermeant reducing agent (glutathione). Constitutive and dopamine-induced internalization was measured for a 90-min interval in the absence or the presence of 10 M dopamine, respectively (Fig. 7 , which is published as supporting information on the PNAS web site). DRD2 and DRD3 subtypes displayed similar constitutive retrograde trafficking (14 Ϯ 5.5% vs. 11.3 Ϯ 2.7%). In contrast, DRD2 undertook dopamine-induced internalization more prominently than DRD3 (54.6 Ϯ 7.5% vs. 22 Ϯ 4.3% after 90-min stimulation; Fig. 7B ). Endogenous transferrin receptor internalization was not regulated by dopamine and was similar in cells transfected either by DRD2 or DRD3, thus confirming the specificity of the test. Then, we compared DRD3 variants retrograde trafficking (Fig. 7C) . No significant discrepancies were observed between the Ser-9 and Gly-9 variant during constitutive (11.3 Ϯ 2.7% vs. 10 Ϯ 5%) and dopamine-induced (22 Ϯ 4.3% vs. 23 Ϯ 6.1%) trafficking. These results suggest that the Ser9Gly variant did not alter retrograde trafficking. expression levels (2.1 Ϯ 0.3 pmol⅐mg protein Ϫ1 , n ϭ 8 clones, and 2.2 Ϯ 0.25 pmol⅐mg protein Ϫ1 , n ϭ 9 clones, for Ser-9 and Gly-9 variants, respectively). We measured the ability of dopamine to inhibit the binding to surface DRD3 receptors, measured on whole cells obtained from independent clonal cell lines. Dopamine at 40 nM inhibited 38 Ϯ 2% and 58 Ϯ 2% of binding to the Ser-9 (n ϭ 8 clones) and Gly-9 (n ϭ 9 clones) variant, respectively (P Ͻ 0.0001). Using a representative clonal cell line of each DRD3 variant, complete inhibition curves (Fig. 4A) show that dopamine inhibited surface DRD3 binding in a biphasic manner, a feature common to G proteincoupled receptors (GPCRs). The Ser9Gly variation affected similarly each of the two affinity sites, with an increased dopamine affinity by 4 -5 times (P Ͻ 0.01), but did not change the proportion of each affinity site (45 Ϯ 2% and 49 Ϯ 2% for the Ser-9 and Gly-9 variants, respectively). This result is in agreement with a previous study, in which binding of dopamine to the high-and low-affinity sites has not been examined (21) .
Then, we compared dopamine-mediated inhibition of forskolininduced cAMP accumulation, a typical DRD3-mediated response (22), through each DRD3 variant in two independent clones for each variant. The response to dopamine in HEK293 cells transfected with the DRD3 alone was weak (Ͻ15% and 7% for the Gly-9 and Ser-9 variants, respectively; data not shown) but increased by prior transient transfection with the adenylate cyclase type V, which preferentially confers responsiveness to human DRD3 in these cells (23) . In these latter conditions, the dopamine response was twice as high when elicited by stimulation of the Gly-9 as the Ser-9 variant (33 Ϯ 3% vs. 16 Ϯ 4%, P Ͻ 0.01; see Fig. 4B ). This finding indicates that the Gly-9 variant more robustly increased cAMP inhibition than the Ser-9 in response to dopamine.
To further support the possibility that the Ser9Gly variation alters normal DRD3 signaling properties, we compared dopamine-induced activation of the mitogen-associated protein kinase (MAPK), another DRD3-mediated response (24) . Dopamine activated the MAPK optimally at 0.1, 1, and 10 M without apparent dose effect (Fig. 4C) , a response that was blocked by the DRD3 antagonist, haloperidol (data not shown). Interestingly, the levels of phospho-MAPK detected after Gly-9 variant activation were similar to those after Ser-9 variant activation (Fig. 4C) . Activation of the MAPK initiated rapidly (Ϸ2 min) after dopamine addition and peaked at Ϸ5 min whether the Ser-9 or the Gly-9 variant was stimulated. However, the Gly-9 variant promoted a longer-lasting elevation of phospho-MAPK levels (Ͼ10-15 min) than the Ser-9 variant (Ͻ10 min; Fig. 4D ). This result shows that the MAPK signaling mediated by the Gly-9 variant is prolonged compared with the Ser-9 variant.
Discussion
Our results, demonstrating cosegregation of the Gly-9 variant with ET in a set of 30 French families and association of the same variant with risk and AAO of ET in a large American casecontrol study, suggest that this variant is either causal or in strong linkage disequilibrium with the causal mutation. The haplotype block of strong linkage disequilibrium containing the Ser9Gly variant is close to a previously identified marker of the ETM1 locus (6) . There is no other coding sequence but three DRD3 exons in this block. Except the Ser9Gly variant, the identified variants are intronic or upstream from DRD3 promoter region. The variant seems to cause a gain-of-function of the receptor, as assessed by increased dopamine affinity and signaling responses. Future studies of DRD3 expression in normal and ET brains may provide insights into the relevance of DRD3 to the pathogenesis of ET.
From a genetic point of view, the results of our familial study replicate the first linkage study of ET, which found a disease locus on 3q13.3; in addition, they suggest a gene dosage effect for the Gly-9 allele. In the case-control study, we confirmed the association of this variant with ET. Here again, Gly-9 homozygosity seemed to have the most important effect on disease risk and AAO. The effect of a single Gly-9 allele seemed much more limited, perhaps because of the relatively young age of numerous Ser9Gly heterozygotes in the control group (median age of heterozygotes, 51 y; range, 16-88 y). Some of them could indeed develop ET when advancing in age. Conversely, we noted that, among the ten Gly-9 homozygous controls, none was older than 64 years of age.
Large variations in ET prevalence estimates across various studies are accounted for by the varying severity of the disease. Without a physiological or other marker for ET, the diagnosis is based on a set of diagnostic criteria. The consensus classification defines ET as a bilateral action tremor of the hands and forearms (but not rest tremor) present for at least 3 y as a core criterion (25) , and all patients in our samples meet these criteria. Because mild or early symptoms of ET may escape the diagnosis, it would be of great interest to search for an association between the DRD3 Gly-9 variant and a broadly defined tremor phenotype in a large sample of aged adults to determine the prevalence of ET related to this genetic abnormality.
Most small-molecule transmitters or hormones acting at GPCR interact within the transmembrane region of the receptor (26) . The Ser9Gly variant is located in the extracellular N terminus of the DRD3 and is not predicted to take part in receptor ligand binding. However, the Ser9Gly variant affected dopamine affinity at two sites, which correspond to the highaffinity state, coupled to the G protein that transduces the signal to the effector, and to the low-affinity, uncoupled state, respectively. Because the proportion of each site is conserved in each variant, the Ser9Gly variant does not affect the equilibrium between the G protein-coupled and uncoupled forms of the receptor. We predict that the variant could affect the overall conformation of the receptor. In agreement with this hypothesis, several mutations responsible for autosomal dominant retinitis pigmentosa were identified in the extracellular N terminus of rhodopsin, a prototypical GPCR, producing misfolded rhodopsins that are defective in normal intracellular transport (27) . Posttranslational modifications like glycosylation are critical to efficiently fold and sort dopamine receptors through the anterograde biosynthetic pathway (28) . Although the Ser9Gly variant is located close to a highly conserved glycosylation site, both variants displayed similar glycosylation and anterograde trafficking. Indeed, both variants reached efficiently the plasma membrane and internalized in response to dopamine, but to a limited extent as previously reported (29) . Nevertheless, the Gly-9 variant was different from the Ser-9 by its ability to signal more robust dopamine responses. Indeed, both cAMP inhibition and MAPK signal duration were higher with the Gly-9 than the Ser-9 variant. The N-terminal region may therefore provide an unexpected structural determinant to DRD3 function. We hypothesize that the Gly-9 variant could increase dopamine affinity and efficacy by altering an interaction with a protein that affects the conformation of the receptor, which may occur as homo-or heterooligomers (30) . For example, pharmacological modulation of class II GPCR through its extracellular N terminus by receptor activity-modifying proteins has emerged as a new phenotype-modifying determinant of GPCR function (31) .
Our genetic and functional data, together with the gene dosage effect, are therefore consistent with the hypothesis that the DRD3 Gly-9 variant confers inheritable susceptibility to ET in our sample, with a penetrance that increases with age and is almost complete in the elderly population, but with highly variable expression. The relationship between DRD3 and motor control is supported by the finding that DRD3 overexpression produces in nonhuman primates levodopa-induced dyskinesia (14) . Although DRD3 receptor overexpression in the basal ganglia has been implicated in levodopa-induced dyskinesia, abnormalities in the cerebellar DRD3 receptors could be responsible for ET. Although dopaminergic drugs are ineffective in ET, olanzapine and clozapine, which are nonselective dopamine D2-like receptor blockers (acting at both DRD2 and DRD3 receptors), have been found to improve ET (32, 33) . Therefore, we propose DRD3-selective partial agonists or antagonists (14, 34) as a possible pharmacotherapy of ET.
Methods
Patients. For the family study, 30 unrelated families with familial ET were recruited in France at La Pitié-Salpétrière Hospital in Paris and Hospital Center in Charleville-Mézières. All patients fulfilled the diagnostic criteria of classic hereditary ET as defined by the Consensus Statement of the Movement Disorder Society (25) , and only patients with probable and definite familial ET were included in the study (35) . The screening procedure for signs of ET consisted of the drawing of an Archimedes spiral with the dominant hand within preprinted lines (36) and a clinical examination that included neurological examination, tremor type and its topography, search for associated signs or symptoms, drugs in use, and paraclinical investigations to define the diagnosis. Forearm tremor scores were measured as described (37) . For the case-control replication study, 276 patients with ET, all of Caucasian origin (age range, 14-93 y; age-at-onset range, 3-83 y; male͞female ratio, 126͞ 150), diagnosed according to common diagnostic criteria (25) , and 184 normal controls with no family history of movement disorders (age range, 9-88 y; male͞female, 83͞101) were recruited by the Department of Neurology, Baylor College of Medicine, and the study was approved by Institutional Review Board. All participating individuals gave their informed consent. DRD3 Genotyping and Analysis. Genomic DNA was prepared from whole blood by using standard techniques. The DRD3 Ser9Gly variant was genotyped as described (10) or by using a TaqMan SNP genotyping assay (see Table 3 ). The program TDT͞S-TDT 1.1 (http:͞͞genomics.med.upenn.edu͞spielman͞TDT.htm) was used to perform the nonparametric analysis of linkage in the presence of association (38) . To perform the parametric linkage analysis, we used the GENEHUNTER program (18) . To identify other DRD3 mutations, genomic DNA from nine probands was amplified by PCR and screened for sequence variations by direct sequencing on a Li-Cor 4000L automated DNA sequencer (see Table 4 ).
Plasmid Constructs. A plasmid pRc͞CMV bearing a cDNA encoding the Ser-9 variant (39) was used to generate cDNA encoding the Gly-9 variant by site-directed mutagenesis using the QuikChange multi Site-directed Mutagenesis Kit (Stratagene). DRD3 stop codon of both Ser-9 and Gly-9 variants was deleted by site-directed mutagenesis, and subsequent sequences were subcloned into pEYFPN1 (BD Biosciences) upstream of the enhanced yellow fluorescent protein (E-YFP). Constructions were checked by nucleotide sequencing (Licor).
Cell Culture and Transfections. HEK293 cells were cultured in a cell culture medium made with a 1:1 mixture of DMEM and F-12 (Life Technologies, Grand Island, NY), supplemented with 10% FCS and 100 g⅐ml Ϫ1 penicillin͞streptomycin in humidified atmosphere of 5% CO 2 , 95% air. Cells were seeded in 10-cm dishes at 50-80% confluency, and cDNA encoding the Ser-9 or the Gly-9 variant was transfected (10 g of DNA for 10 6 cells) by using Superfect (Qiagen, Valencia, CA). Transfectants were selected with G418 (Invitrogen) at the concentration of 800 g⅐ml Ϫ1 .
Deglycosylation Assays. Membranes were incubated for 45 min at 4°C in 500 l of 50 mM Na͞Na 2 PO 4 (pH 7.4), 300 mM NaCl, 40 mg͞ml digitonin, 10 mg͞ml deoxycholate, 10 mM DTT plus protein inhibitor mixture (Sigma). Cleared membranes (50 g) were incubated with recombinant N-glycosidase F (10 units) for 16 h at 37°C according to the supplier's instructions (Roche Biochemicals). Controls were incubated without enzyme. Analysis was carried out by SDS͞PAGE under reducing conditions, and immunoblots were revealed by anti-YFP antibody (1:7,000; BD Biosciences).
Fluorescence Microscopy. Cells were grown on coverslips in the presence of cycloheximide (20 g⅐ml Ϫ1 for 3 h) to reduce intracellular fluorescence. Cells were stimulated or not by 10 M dopamine for various times and fixed in 2% paraformaldehyde for 20 min at room temperature, and YFP fluorescence was captured by using a confocal microscope (Leica, Deerfield, IL).
Binding Assays. Cells were detached from culture dishes in the presence of 0.2% trypsin, harvested by centrifugation, suspended in DMEM-F12 supplemented with ascorbic acid (50 g͞ml), and incubated in quadruplicate for 30 min at 30°C with [
125 I]iodosulpride (Amersham Pharmacia) at 0.1 nM and dopamine in increasing concentrations. Nonspecific binding was measured in the presence of enomapride (1 M). Binding was stopped by filtration through GF͞C filters coated with polyethyleneimine (0.3%), and radioactivity was counted on the filter by gamma scintigraphy. Dopamine inhibition curves were analyzed by nonlinear regression with a two-site model by using PRISM software (GraphPad, San Diego).
cAMP Accumulation Assays. DRD3-expressing cells were transiently transfected with pCDNA3 containing cDNA encoding canine adenylyl cyclase type V, which specifically confers responsiveness to human DRD3 in HEK293 cells (23) . Cells were preincubated in quintuplicate with 10 M 3-isobutyl-1-methylxanthine in DMEM-F12 for 25 min and incubated with dopamine in increasing concentrations for 10 min in the presence of 0.1 M forskolin. The reaction was stopped by addition of 50 l of ice-cold 0.1 M HCl. The cells were mildly sonicated, and cAMP was assayed with the Rianen [ 125 I]cAMP RIA kit (DuPont͞NEN).
MAPK Activation Measurements. After transfection, cells were cultured in 3-cm dishes and starved overnight in a serum-free culture medium containing 0.1% BSA. Cells were stimulated by dopamine and lysed in 350 l RIPA buffer (10 mM Tris⅐HCl, pH 8͞150 mM NaCl͞1 mM EDTA͞1% Nonidet P-40͞10% glycerol͞10 mM sodium fluoride͞1 mM sodium orthovanadate͞ protein inhibitor mixture). Lysates were sonicated and cleared by centrifugation. Total protein concentrations were determined by the Bio-Rad protein assay. Equal amounts of proteins (80 g) were resolved into 12% SDS͞PAGE. Levels of phospho-MAPK were measured by the phospho-p44͞42 MAPK (E10) antibody (1:2,000; Cell signaling Technology, Beverly, MA). Membranes were stripped and then reprobed with a p44͞42 MAPK antibody (1:1,000; Cell signaling Technology) to control the total amount of MAPK.
